Oxygenated volatile organic species (oxygenates), including HCOOH, H2CO , CH3OH, HOCH2CHO (hydroxyacetaldehyde), CH3COOH, and CoH5OH, have recently been identified by Fourier transform infrared measurements as a significant component of the direct emissions from biomass combustion. These oxygenates have not generally been included in the hydrocarbon-based initial emission profiles used in previous photochemical simulations of biomass combustion smoke plumes. We explore the effects of oxygenates on this photochemistry by using an established initial emission hydrocarbon profile and comparing simulation results obtained both with and without addition of the above six oxygenates. Simulations are started at noon and carried out for 30 hours in an expanding Lagrangian plume. After an initial transient period during which [NOx] falls rapidly, conditions within the oxygenated smoke plume are found to be strongly NOx-sensitive, and the simulated final species profile is thus strongly dependent upon the A[NO]/A[CO] initial emission profile. Oxygenate addition results in very significant and complex effects on net 03 production, as well as on the relative amounts of longlived HO• and NO• reservoir species (H202, organic hydroperoxides, HNO3, and peroxyacetyl nitrate (PAN)) that are mixed into the surrounding atmosphere. Oxygenates may either increase or decrease net 03 production (depending upon the initial A[NO]/A[CO]). However, they always increase H202 and organic hydroperoxide production as a result of increased rates of radical + radical reactions. These effects spring largely from accelerated removal of NO• from the smoke plume due to increased radical concentrations resulting both from photolysis of oxygenates (mainly CH20 ) and from their relatively high reactivity.
Introduction
Biomass combustion has long been known to inject significant quantities of CO2, CO, CH4, NOx, nonmethane hydrocarbons (NMHC), and particulates into the atmosphere [Crutzen and Andreae, 1990 ]. However, recent ground-based and airborne Fourier transform infrared (FTIR) spectroscopic measurements have identified oxygenated organic compounds (oxygenates) as being important additional components of biomass combustion smoke, at levels comparable to NMHCs [Griffith et al., 1991;  creases with increasing [VOC], termed VOC sensitive (limited), NOx saturated, or high NOx [Kleinman, 1994; Sillman, 1999 , and references therein]. Tropospheric photochemical models are ot•en run under differing constant emission fluxes of VOC and NO• (occasionally keeping the VOC/NO• emission ratio constant) in order to determine which processing state a particular simulated event represents. The VOC emissions are normally assumed to be composed predominately of hydrocarbons (HC), and most VOC/NO• modeling studies have focused on the effects of simply varying HC emission rates. Hence the modeling work reported here also focuses on the impact of the direct emission of oxygenated VOCs on VOC/NO•-sensitive photochemistry.
We begin with a brief introduction to tropospheric photochemistry along with a discussion of the VOC and NOx sensitive atmospheric processing states. In section 3 we describe the photochemical model used for these studies. Section 4 details our results (within the context of the VOC/NO• sensitive photochemistry described in section 2) on the effect of oxygenated organic compounds on the product distribution profile within a biomass combustion smoke plume, including both 03 and longerlived pollutant reservoir species such as hydroperoxides and peroxyacyl nitrates (PAN). Section 5 gives a brief comparison of some of our numerical results to field measurements.
Tropospheric Photochemistry

General Description
Tropospheric gas phase photochemistry may be described as the photochemically driven, NO•-catalyzed oxidation of CO and VOCs with the coproduction of 03. The term VOC is used here to refer collectively to both oxygenated organic compounds and HCs. The catalytic photochemical reaction cycle is initiated and perpetuated by radical species, which are introduced into the troposphere via mainly photolytic radical initiation steps. Radical species, as well as NO•, are removed (however, in some cases only temporarily) from the photochemical cycle through termination reactions, 
The first three reactions consume NO•, as well as radical species, and will be referred to here as "Rad + NOx" termination reactions, while the last two are radical-recombination reactions and will be referred to as "Rad + Rad" termination reactions [Kleinman, 1994] . The dominant termination reactions are determined by the relative availability of NOx and radical species [Kleinman, 1994] . Rad + NO• and Rad + Rad reactions have been defined above as consuming or removing radicals and NO• from the photochemical cycle. In fact, most of the products formed in reactions (1) -(5), and other similar reactions, are long-term pollutant reservoir species. That is, they allow long-range transport of photochemically and thermally active species away from local events and into regional, even global, atmospheres to possibly reintroduce radicals or NOx into the troposphere at a later time. Hence NOx removal is used here to refer to the local effect, but the possible larger-scale implications should not be overlooked.
VOC/NO• Sensitivity
The formation of 03 in the troposphere, which is a central element of the photochemical cycle, results from the photolysis of NO2. However, the majority of NO• emissions into the atmosphere are in the form of NO, and the photolysis of NO2 regenerates NO as well. Thus in order to obtain net cyclic 03 formation, NO must be converted to NO2 by a molecule other than 03 itself. It is a primary role of peroxy radical species to perform this conversion via reactions such as (6)' RO 2 + NO -RO + NO 2.
Either reactant may be in excess in these reactions, causing the system to be sensitive to the other. In the VOC sensitive (high-NO0 tropospheric state the emission of NOx exceeds the production of radical species. Radicals are thus rapidly removed from the system, via reactions (1)-(3), limiting their availability to perform the NO-to-NO2 conversion (as in reaction (6)) and inhibiting 03 production. Overall the VOC sensitive state is characterized by a decrease in [03] with increasing [NO•], while an increase in [VOC] increases radical production and therefore increases [03] [Kleinman, 1994; Sillman, 1999] .
The NO• sensitive (low NO0 tropospheric processing state occurs under stoichiometric conditions in reactions such as (6) opposite to those of the VOC sensitive state. Rather than the NOto-NO2 conversion reactions being limited by radical availability, in the NO• sensitive state 03 production is limited by the availability of NOx itself. Under such conditions, 03 formation increases with increasing [NO•] because radical species are readily available to convert NO to NO2 [Kleinman, 1994] . Previous studies also have concluded that 03 production in this state is largely independent of [VOC], presumably owing to a saturation effect in which an increase in radical species, which are already more available than NO•, does not lead to an increase in NO-to-NO2 reaction rate; hence little effect is observed on 03 production [Sillman, 1999] . However, the simulations presented here illustrate that net 03 formation can sometimes be VOC-dependent under NO•-sensitive conditions owing to VOC-induced removal of NO• leading to reductions in both 03 destruction and production.
As a final note, it has frequently been observed in previous VOC/NOx models that urban plumes undergo a transition from VOC sensitive (close to the city center) to NO•-sensitive (in outlying, rural areas) photochemistry owing to removal of NO• from the plume by photochemical processing. as well as by dilution [Sillman, 1999] . A similar phenomenon is noted here for biomass combustion smoke plumes.
Photochemistry of Oxygenates
The addition ofoxygenated organic species into a tropospheric model where they had been previously ignored has considerable impact upon the predicted dominant reaction pathways and, hence, the resulting product distribution. This is due to the dependence of these pathways on the relative concentrations of NO• and radical species. Unlike pure HCs, the degradation of some oxygenated organics, such as CH20 and HOCH2CHO, is initiated not only by OH attack, but also via direct photolysis. Thus the inclusion of these oxygenated compounds provides an additional direct source of radical species. Furthermore, oxygenated organic species are in general more reactive than are NMHC [Finlayson-Pitts and Pitts, 2000], causing an additional increase in radical species production through the general photochemical cycle itself. This increase in radical species production has complex effects on the production of 03 and other photochemical products in a smoke plume where the amount of NOx varies but is limited to the relatively small concentrations (as compared to urban/industrial processes) initially introduced by the fire. While oxygenated compounds can increase the concentrations of radical species and the general level of photochemistry within a smoke plume, therefore acting to increase O3 production, they also can speed the titration of NOx out of the smoke plume via Rad + NO• termination reactions, slowing O3 production and altering the product distribution profile. Thus the net effect of directly emitted oxygenated organic compounds on 03 and other photochemical products results from a complex balancing of these two effects and may either be positive or negative.
Photochemical Model
All simulations reported here were performed by using the National Center for Atmospheric Research (NCAR) Master Mechanism (MM) [Madronich and Calvert, 1989 ]. The MM is a zerodimensional tropospheric box model which explicitly describes (in -5000 chemical reactions) the photochemistry of alkanes and aromatics up to Cs, alkenes up to C4, and two biogenic species, isoprene and c•-pinene. A subset of these reactions may be selected by specifying an initial profile of chemical species. The model used here has been simplified by excluding HCs greater than C4 and therefore contains only 702 reactions (79 photolytic) involving 267 species. Included in the MM package is an algorithm that calculates the actinic flux as a function of wavelength and time of day for given atmospheric conditions, altitude, location, and time of year [Madronich, 1987] . This actinic flux is then used to calculate appropriate photolytic rate constants as a function of time of day based upon the spectra (cross sections and quantum yields) of absorbing species. In order to represent smoke processing during the tropical dry season (where 80% of biomass burning is reported to occur [Hao and Liu, 1994] Minor modifications were made to the MM in order to more accurately model the evolution of a biomass combustion smoke plume. The numerical integrator was upgraded to the Livermore solver for ordinary differential equations with sparse Jacobian techniques (LSODES) as originally described by Hindmarsh [1983] . LSODES is considered to be one of the most robust routines available to obtain solutions to stiff systems and has been used to evaluate the precision of a number of other methods [Olcese and Toselli, 1998 ]. Also, the formation of NH4NO3(s ) aerosol from NH3(g) and HNO3(g) was incorporated owing to the significant direct production of NH3(g) in biomass combustion. The rate of removal of NH3(g) and HNO3(g) is assumed to be diffusion controlled, e.g., a reaction coefficient k equal to 10. As opposed to most previous VOC/NOx models, which used an Eulerian box model approach [Sillman, 1999 , and references therein], the simulations reported here use a Lagrangian model. In the Eulerian scheme a spatial grid (each subsection with its own constant emissions of 03 precursors) is fixed, and the flux and chemical behavior of an air mass moving through the grid is evaluated. Conversely, the Lagrangian approach models the evolution of a moving parcel of air from an initial set of emitted species concentrations [Brasseur et al., 1999]. This method is particularly useful in the case of a heavily polluted plume moving away from a near point source where the initial profile of species react, essentially in a closed system, as the plume evolves. Thus a Lagrangian model does not utilize constant emission rates. This is an especially important distinction to make in regard to NOx because it is continually supplied in Eulerian models (albeit to "fresh" air masses), while in the simulations reported here NO• concentrations are limited to the initial concentrations within the smoke plume, with relatively minor contributions early in the plume evolution from the ambient air.
Continuous Plume Dilution
The atmospheric dilution of plumes has a substantial impact on 
Ambient and Initial Smoke Species Concentrations
Ambient. Diurnal variations in ambient concentrations
of all species, C?, were estimated by running the MM with a constant profile of trace gas concentrations (Table 1) typical of a 
Results and Discussion
Smoke plume simulations were started at 1200 (noon) and ran for 30 hours. The most dramatic changes occur within the first few hours when the sun is high and the plume is relatively concentrated. Typical simulated time profiles for [03] are shown in Figure   1 , and the absolute concentrations of several species at 1400 on days 1 and 2 are listed in Table 3 for each of the four emission scenarios. Insight into the effects of oxygenated organic compounds upon early smoke plume photochemistry are obtained by comparing results from All-Oxy simulations to those from No-Oxy simulations. We report here the relative changes in overall average reaction rates, overall average concentrations, and total species production at both the first-day maximum and final 42-hour values (obtained by multiplying the specified concentrations bythe plume volume at that time). Exact numerical values are undoubtedly model-dependent [Olson et al., 1997 ], but we believe these relative values give a reliable account of the effect of the oxygenated organic species on smoke plume photochemistry. 3.2.2. Initial smoke species concentrations. Initial concentrations within the smoke plume are chosen to approximate conditions just above a large biomass fire with a ACO2 of 100 ppmv and ACO/ACO2 = 7 %. Other initial concentrations were scaled to either ACO2 or ACO depending upon whether a particular species results mainly from flaming or smoldering combustion [Yokelson et al., 1996a ]. An initial species profile (Table 2) (except for phenol, whose concentration represents a high-end limit) in a profile referred to as "All Oxy" (Table 2) 
VOC/NOx Sensitivity
The addition of direct emission of oxygenated organic species has a significant impact upon the dominant mode ofphotochemical processing that occurs within a smoke plume. Table 4 (Table  4 ). This effect seems to result from differences in the two photochemical processing regimes, and indicates that the more reactive and photochemically active oxygenated organics have a greater impact upon VOC/NO• sensitivity than does simple hydrocarbons.
VOC-to-NOx Sensitive Transition
As indicated earlier, evidence of a transition from VOC to NOx sensitive chemistry, as has been reported fbr urban plumes, is apparent in the simulations reported here. Sillman [1995] recommends use of the [I-I202]/[HNO3] ratio as a measurable (and therefore verifiable) indicator of VOC/NO• sensitive chemistry in real atmospheres. This is because high concentrations of HNO3 reflect VOC sensitive conditions in which Rad + NO• termination reactions dominate [Sillman, 1995] , while H202 results from Rad + Rad reactions, which are suppressed under VOC sensitive conditions but increase linearly with radical production in the NO• sensitive state [Kleinman, 1994] . In All-Oxy simulations and the lower NO• No-Oxy simulation the formation rate of HNO3 reaches a maximum and dominates Rad + Rad reaction rates (which lead to hydroperoxide production) during the first hours of the simulations (Figure 3) . The transition takes longer in the No-Oxy simulations (and does not occur at all in the higher NO• No-Oxy case) than in the All Oxy simulations. After the first few hours, however, the Rad + Rad reaction rates exceed the HNO3 production rate (Figure 3) , indicating a shift from VOC sensitive to NOx sensitive photochemical processing. The concentration profiles for total hydroperoxides also indicate that as the smoke plume ages beyond the first few hours, chemical processing tends to shift from VOC (decreasing hydroperoxide concentration) to NOx sensitive (increasing hydroperoxide concentration) chemistry (Figure 4 ). Again this transition takes longer to occur in the No-Oxy simulations than in the All-Oxy simulations. While neither of these conditions defines the VOC sensitive state, they both serve as indicators that all smoke plume simulations reported here are controlled by VOC sensitive chemistry early in the simulation period.
Decrease in NOx Lifetime
The passage from VOC to NO• sensitive chemistry occurs owing to the removal of NO• from the plume [Sillman, 1999] . The lifetime of NO.•, defined as the time over which [NO•] falls to 1/e of its initial value, is decreased by a factor of-2 owing to the addition of oxygenates (Table 5 ). This dramatic decrease in the NOx lifetime is perhaps the most important effect ofthe oxygenates for smoke plume photochemistry because it limits the time that NOx is available to catalyze the production of O3, thereby affecting the overall oxidizing ability within the smoke plume. As a side note, in the simulations reported here, [NO•] decreases because of dilution with ambient air, as well as by chemical reaction. Undoubtedly these results would differ if such a plume were to 
Removal of NOx
The early dominance of the Rad + NO• termination reactions (Figure 2) leads to rapid removal of NOx from the smoke plume. Figure 5 (Table 6 ). The addition ofoxygenates leads to a decrease in the formation rates of organic nitrates, while the preference for PAN formation over HNO3 production becomes more pronounced upon the addition of oxygenates ( Figure 5, Table 6 ). This latter effect has also been noted by Tanner (Table 6) , and it is quite apparent that nitrophenols represent a significant addition to the product distribution profile within a biomass combustion smoke plume. These results suggest that the chemistry of these species should be studied further. 
details the component reaction rates which make up the Rad + NO• reactions. HNO3 formation is typically the dominant fate of NO• in the troposphere [Seinfeld and Pandis, 1998], and for the smoke plume simulations reported here the formation of HNO3 (reaction (1)) indeed is the dominant Rad + NO• reaction early in the plume lifetime (Figure 5), However, the production of PANs (reaction 2) and organic nitrates (RONO2) (reaction 3) becomes the dominant NO• sink as the plume evolves
(molecules/crn3/10 ll) versus time (hours) for A[NO]o/A[CO]o = 1%, (solid line) and A[NO]o/A[CO]o = 2% (dotted-dashed line). (a) No
Oxy. (b) All Oxy. Traces show an initial decline in total hydroperoxide concentration, consistent with VOC sensitive conditions, followed by a resurgence in their concentration corresponding to NOx sensitive conditions. The [hydroperoxides] continue to increase on the second day (not shown).
Increase in Radical Species
The addition of oxygenares causes an overall increase in the removal of NOx (via the Rad + NOx termination reactions) owing to an increase in the concentrations of radical spedes, most notably HO 2 (Table 7) . A portion of this increase in [HO2] results from an increase in the photolysis of CH20 (Table 6) , which arises both from an increase in the initial concentration of it and its precursors (e.g., CH3OH) and a decrease in its removal byOH (due to increased [VOC] loading). Additionally, radical concentrations are increased because increasing [VOC] within the smoke plume leads to an increase in the overall rate of the tropospheric photochemical cycle outlined in section 2, and this cycle has the capability to produce more radicals than it consumes [Crutzen, 1995; Holzinger et al., 1999; Field et al., 2000 ]. 
Increase in Hydroperoxides
The increased abundance of radical species due to the addition of oxygenates also increases the Rad + Rad termination reactions (Table 6) , leading to an increase in overall and maximum hydroperoxide (H202 and ROOH) production via reactions (4) and (5) ( Table 7) . This dramatic increase in hydroperoxides represents another oxygenates-based alteration of the product distribution 55 x 106 7.29 x 106 1.38 x 107 1.45 63 x 1028 1.17 x 1028 1.04 x 1028 1.61 
Net O3 Production
It has previously been reported that net 03 production is largely independent of [VOC] under NOx sensitive conditions [Sillman, 1999] . However, our simulations show that the net effect of directly emitted oxygenates on overall 03 production is quite complex owing to the increase in radical species concentrations and subsequent increase in the rate of removal of NOx from the plume via Rad + NO/reactions. Because 03 production (02 + O3p -• 03) results from the photolysis of NO2 (to yield NO + O3p), the decrease in NOx lifetime due to the addition of oxygenates is mimicked by 03 production (Table 8 ) under both NO emission scenarios. Net 03 production, however, takes into account changes in 03 destruction, as well as 03 production. In the MM there are a total of 20 03 destruction reactions. The primary 03 destruction reaction rates, combined as in Table 8 , are shown in Figure 6 . Overall 03 destruction decreases owing to the addition of the oxygenates for both NO emission scenarios (Table 8 ). This is mainly due to a decrease in the NOx + 03 reactions (Table 8) , an effect that naturally follows from the decrease in NOx lifetime. The decrease in 03 destruction due to reaction with NOx is slightly counteracted by an increase in 03 destruction due to reaction with HO 2 (Table  8 ). Both Field et al. [2000] and Crutzen [1995] have noted the importance of the HO 2 + 03 reaction with respect to 03 depletion in NOx-poor enviroments. Hence both 03 destruction and 03 production are reduced owing to the addition of the oxygenated organic species, and net 03 production results from a balancing of these two effects. (Table 6) and thus a decrease in the concentrations and production of 03 and OH (Table 7) . However, in the higher initial NOx models the increased removal of NO• is balanced by its increased initial concentration, and the average NO-to-NO2 conversion rates are in fact increased (Table 6) , and so are 03 and OH (Table 7) . Therefore unlike previous VOC-NO• models which found little dependence of 03 production upon VOC emission• under NOx sensitive atmospheric processing conditions [Sillman, 1999] , the smoke plume simulations reported here indicate a very complex relationship between 03 formation and the initial concentrations of, at least, oxygenated organic compounds. Under certain conditions an increase in [VOC] through the addition of oxygenated organic species leads to an overall decrease in net 03 production, while under other circumstances an equivalent increase in [VOC] leads to an increase in net 03 production. The overall relationship between [VOC] and 03 production is dictated bythe available NOx, as might be expected from the NO• sensitive conditions which dominate the oxygenated smoke plume photochemical simulations presented here. We believe the complexity which arises in the VOC-O3 relationship owing to the direct emission of oxygenated organic species occurs not only because of increased VOC loading by highly reactive species to the system, but also bemuse of the ability ofoxygenates to photolyze, a pathway which is not available to hydrocarbons, leading to a direct source of radical species. 
Complex Effects on O3 and OH
In the lower initial NOx simulations (A[NO]dA[CO]0 = 1%), the increased removal of NOx due to the addition ofoxygenates causes a decrease in the average NO-to-NO2 conversion rates
Comparison With Measurements
It is difficult to make valid quantitative comparisons between existing field measurements and our calculated species concentrations. This is because of the simplifications contained within our model and the rarity of appropriate measurements in isolated plumes only hours old. In order to keep the number of reactions manageable, while taking advantage of the detailed chemistry of the MM, we have restricted VOCs to lighter species containing three or less carbon atoms. These lightweight compounds probably represent the majority (by molecule) of HC emissions [Lobert et al., 1991; Hao et al., 1996] , but they do not account for the full range of typical emissions. Additionally, our assumed clear-sky conditions could only be strictly representative of the upper levels of a smoke plume. Finally, our model neglects aerosol chemistry, which undoubtedly is a significant perturbation considering the high water solubility of some product species (e.g., hydroperoxides), as well as the high concentrations (up to milligrams per cubic meter) of particulates and water vapor present in a smoke plume.
In light of these and other assumptions, our main purpose then is to compare the results of smoke plume simulations obtained by using a standard initial profile of chemical species with and without added oxygenated organic species. The major result of added oxygenates is found to be increased production of nitrophenols and PANs (Table 7) , leading to a decrease in NO• lifetime within the smoke plume. Validation of these results would require accurate measurements of these organic species in biomass combustion affected air. We are aware of no such data, and our results suggest the need for measurement of these species, as well as investigation of their tropospheric chemistry.
Despite these difficulties, it is possible to make some comparisons. Our calculated values for excess H202 in Table 3 are reasonably dose to the 10 ppbv obtained in limited measurements "near" biomass combustion plumes at altitudes of less than 2 km during Transport and Atmospheric Chemistry Near the Equator-Atlantic (TRACE-A) as reported by Lee et al. [1998] . This agreement is obtained without assuming any direct production of H202 from the fire itself. It also is consistent with TRACE-A analysis by Mauzerall et al. [1998] , who reported an inability to find evidence of direct emissions ofhydroperoxides from biomass The primary effect of the addition ofoxygenated organic species into biomass combustion smoke plumes is to cause a decrease in NO• lifetime by a factor of-2 via Rad + NO• termination reactions.
Conclusion
The formation of PANs and nitrophenols represents a significant portion of the increase in Rad + NO• reactions due to oxygenate addition. Since All-Oxy simulations occur under primarily NO• sensitive conditions, the increased availability of radicals also leads to an increase in hydroperoxide concentrations via Rad + Rad termination reactions. The increase in hydroperoxides, as well as the preference for PAN formation over HNO3, are of interest as these species are longer-term pollutant reservoirs of HO• and NO•, respectively, released into a regional atmosphere by biomass combustion.
The depletion of NOx (via the addition ofoxygenated organic species) in an environment which is already NO• sensitive results in complex behavior of [03] and [OH]
, depending upon initial [NOx] . When the initial [NOx] is large enough to compensate for the increased removal of NO, the addition of oxygenates leads to an overall increase in the NO-to-NO2 conversion reactions and therefore an increase in 03 and OH (as shown in the [NO]d[CO]0 = 2% simulations reported here). However, lower initial NO• concentrations may not be able to compensate for the increased removal of NO•, leading to a decrease in NO-to-NO2 conversion and a subsequent decrease in O3 and OH (as exemplified in the [NO]0/[CO]0 = 1% simulations reported here). This intriguing result is contrary to previous VOC-NOx models which show little dependence of O3 production on [VOC] under NOx sensitive conditions. This difference is attributed to the ability of the oxygenates to photolyze, resulting in an additional direct source of radical species which may not be compensated for by the [NO•] emissions.
These results demonstrate that directly emitted oxygenated organic species alter the product distribution profile, including affecting longer-lived species such as 03, PANs, and hydroperoxides. Hence simulations intending to predict the quantities of various pollutants injected into regional atmospheres by biomass combustion, as well as those looking to understand the effects of biomass combustion on a global scale, need to include both direct emissions of oxygenated organic materials and a good estimate of initial [NO•].
